Lecture 10: Assembly

Prof. Yves Bellouard
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Learning objectives

1. Problem statement

2. Introduction to Design For Assembly (DFA) / Design for
Manufacturing (DFM) principles

3. Cost of an assembly
4. Illustrations

5. Extra: mechanism theory — duality mobility / degree of
hyperstaticity



Assembly: problem
statement

Chaplin: ‘Modern times’

« The majority of products are made of individual parts
assembled together...

- Often, not an ideal, but a necessary solution...

Combine materials with different properties
Mobility in the structure: mechanism
Replaceable parts

- Etc.



Assembly and functions...

 Just to hold to part together...
* To precisely position an element versus another one

 To link two parts together (that can move relatively to
another one)

- Assembly implies additional manufacturing cost //
may or may not be balanced by the gain in complexity
for an assembled part.



DFM vs DFA

Design for Assembly (DFA)

B concerned only with reducing product assembly cost

— minimizes number of assembly operations
— individual parts tend to be more complex in design

Design for Manufacturing (DFM)

B concerned with reducing overall part production cost

— minimizes complexity of manufacturing operations
— uses common datum features and primary axes



Similarities between DFM & DFA

 Both reduce material overhead and labor cost.
* Both shorten the product development cycles time
 Both seek standards to reduce cost.

Note that DFM & DFA are sometimes referred under a single name
DFMA.



Rationale for these methods

« Quantitative method to assess design

« Communication tool between engineering disciplines: design,
manufacturing, production.

* Involvement of manufacturing in the early design phases.

« As 75% of the product cost is determined during the ‘engineering/design
phase’, hidden waste areas are identified earlier before committing to a
design.



Design for assembly (DFA)

‘Design for assembly (DFA) is a process by which products
are designed with ease of assembly in mind’

* A variety of design rules to:
« Lower costs by reducing number of parts
« Optimizing parts for simpler assembly
« Reducing process costs
« Optimizing manufacturing sequence

* An ensemble of trade-off
* Fewer parts vs performance / robustness
* Process vs manufacturability



DFMA: principles

Importance

Minimize part count

Design parts with self-locating features

Design parts with self-fastening features
Minimize reorientation of parts during assembly
Design parts for retrieval, handling & insertion
Emphasize ‘Top-Down’ assemblies

Standardize parts...

Minimum use of fasteners

Encourage modular design

10 Design for component symmetry for insertion
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Boothroyd-Dewhurst method

This method starts from an existing design which is
iteratively evaluated and improved.

Based on two principles:

— application of criteria to each part to determine If it should
be separate from all other parts. (functional evaluation)

— estimation of handling and assembly costs for each part
based on timing for each operations. (Although
tables/software are available, the most accurate numbers are
compiled through time studies in particular factories.)
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General Methodology

1. Select an assembly method for each part
2. Analyze the part for the given assembly methods
3. Refine the design in response to shortcomings identified

by the analysis
4. Loop to step 2 until the analysis yields a sufficient design
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lllustration: Optimizing number of parts

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301
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Original test case (power saw)

Connecting Rod
_,.... Pin

L
Bearing -"'"\ 1y
e, ?.—Bush / W
1
Seating - Seal

Needle Bearing

Piston ——"88)-" Rivet 3 a‘ﬂ-——- Roll Pin  Washe
<
"@ D screw (23h ~Pin
- W - Counterweight
Blade Clamp \ S 5

: : L’:’,’— Washer

- Screw [

- - @ |
Suard g é,—f‘" Set Screw

w_;-:é"
41 parts, t = 6.37 min

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301

29 parts, t = 2.58 min

(source Boothroyd, Univ. of Mass.)
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Example: Before DFMA

COVER SCREW (4
0.12 dia. x 0.3

BUSH (2)

brass, Impregnated
powder metal
0.5dla. x 0.8

COVER 16 gage
l.c. steel, painted
soldered seams
45x275x24

SET SCREW
0.06dla. x0.12

/ SENSOR .
BASE 0.187dla.x1  STAND-OFF (2)
aluminum, machined l.c. steel, machined
4x22x1 0.5dla. x 2

MOTOR

%-:\ 2.75dla. x 4.75

0.7 dia. x 0.4
MOTOR SCREW (2)
0.2 dia. x0.6

END PLATE

l.c. steel, painted
45x225x1.3

PLASTIC BUSH

-~
END PLATE SCREW (2) —— O
0.2 dia. x 0.5

(Source: Boothroyd)

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301



Example: after DFMA

(Source: Boothroyd)

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301
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Design for Assembly steps

Step 1

Step 2
Step 3
Step 4
Step 5
Step 6
Step 7

J Product Information: functional requirements
. Functional analysis

] Identify parts that can be standardized

] Determine part count efficiencies

(] Determine your practical part count

[ Identify quality (mistake proofing) opportunities

J Identify handling (grasp & orientation) opportunities
L] Identify insertion (locate & secure) opportunities

[ Identify opportunities to reduce secondary operations

(] Analyze data for new design
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Functional analysis: is a part essential?

Current Design Consider Specification Other Options

Does the part move
relative to all other
parts already
assembled?

Must the part be
separate to provide Y
the required
movement?

Is the movement
essential for the

product to function?

Movement

N

¥ N N

g Is the part of a Is a different Must the part be
= | diff t material i
B | isolated from, ail || —pr material or isolation o difforent 1=
O | other parts alr:-zady essential for tl_m 2 material or isolation
L assembled? product to function?? requirement?
¥ N N N
Is the part se_par_ate Is the adjustment or Must the part be
to allow for its in- separate to enable Y

service adjustment replacer.nent the adjustment or
essential?

or replacement? replacement?

¥ N N N

Non Essential Essential
Part Part

Source: David Stienstra (Rose-Hulman)

Adjustment
or
Replacement
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lllustrative exercise

+ 24 Parts E

+ 8 different parts

+ multiple mfg. & assembly
processes necessary
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Reducing assembly complexity vs manufacturing
complexity

Saving Total Saving

Assembly Saving
(DFA)

Part Manufacture
Saving (DFM)

P

O:ptimu:m

Part Count Reduction

Source: David Stienstra (Rose-Hulman)



Further examples of analysis / refinement

= /

part must be released
before it is located

part located before release

easy to insert
part falls into place

Source: Boothroyd & Dewhurst

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301
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Further examples of analysis / refinement

Self locating Secure paris once they are assembled

Spring Retaining recess Projection

Holding down and alignment
required for later operation

iL

l

Restricted access Improved access Chassis

Obstructed access  Access provided

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301 Source: David Stienstra (Rose-Hulman)
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Case-study: DFM applied to
precision assembly
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Design for assembly (DFA)

‘Design for assembly (DFA) is a process by which products
are designed with ease of assembly in mind’

* A variety of design rules to:
« Lower costs by reducing number of parts
« Optimizing parts for simpler assembly
« Reducing process costs
« Optimizing manufacturing sequence

* An ensemble of trade-off
* Fewer parts vs performance / robustness
* Process vs manufacturability

23



Specific on precision assembly: order of

magnitude

Applications

Fiber optics / small optics

System Size

Meso- to micro-scale

Highest precision
requirements

‘Nano’ (<100 micron)

Optical resonators Meso-, micro scale Nano
Large array telescopes Macro-scale Angstrom
Cars Few meters size ~ 1 micron

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301
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Assembly / couplings are systems!

Perturbations:
Materials, geometry,

Inputs :
Coupling element

(permanent or not)

Displacements Kinematics Geometry Materials

* Requires a system design approach!

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301

Outputs

Position,
Holding
force

25



B
=7 B

Common couplings

Elastic Averaging

Non-Deterministic

- Flexural Kin. Couplings

: ) . Kinematic Constraint
Kinematic Couplings

Kinematic Constraint

e -

‘ = ) 0.0 pem [0.10 pm |1
Pinned Joints

Pinned Joints \ e / Flexural Kinematic Couplings
Elastic Averaging

No Unique Position Quasi-Kinematic Couplings Quasi-Kinematic Couplings
Kinematic Couplings

Near Kinematic Constraint

(Source MIT, Alex. Slocum)



Stability, positioning errors

- Stability is affected by the balance of forces applied to the coupling

-

Coupling triangle

Stability zone

(Illustrations: MIT, Alex. Slocum)
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Stability, positioning errors

* Positioning errors is affected by the deformation of contact
points (Hertz contact pressure — see lecture ‘surfaces’)
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Overconstraining or not?
(Hyperstatic vs statistically determinate)

« Depends on the function of the linkage:

- Stability/robustness
versus
* Precision/repeatability of the positioning

* Isostatic systems leads to a predictable system (for
instance: known force loop, uniquely defined positions,
controlled thermal expansion behavior, ...)

* Hyperstatic implies the existence of internal stress

(source: 1stlibs.com)

29



Precision positioning

* Theoretical goal is to achieve exactly zero mobility (m=0),

conversely, just as many constraints than degree of freedom. In
other words: no over-constraint!

* However:

 In practice, full ‘isostatic’ case is not possible and can only be achieved with
a given resolution

* As seen earlier, things move... During and possibly after assembly (difference
in CTES, creep effect, etc.)

« Costis inversely proportional to the level precision required

30



Discussion

=

* How would you make such part in practice?

Constraints:

- Easy-to-make

* Fulfilling isostatic conditions

« Can be produced in large quantities

31



From a concept to an actual implementation: design for
manufacturing and assembly

32



Magnets are used
for exerting a
constant attraction
force (when they

. i~\
Steel is only used where needed | ‘ are aligned with
and in simple to manufacture _ 8 f their counter-parts).

shapes (spheres, pins) e S ' | B They can be rotated
to ‘activate’ the

force.

Discussion

An aluminum (easy-
to-manufacture,
cost-effective) is
used for the main
structure where
there is no high
contact-pressure

=
- 33

)

Two-pins cylinders are equivalent to
a V-groove and a sphere contact



Assembly costing model

« Two main terms, handling and fitting operations expressed in

SecC.

C,..=C.(F+H

/

Cost for manual
assembly

\ Component

handling index

Labor cost Component
(CHF/s) fitting index (seconds)
(seconds)

34



Hourly compensation costs in manufacturing, US Dollars,

Norway
Switzerland
Belgium
Denmark
Germany
Sweden
Ireland

Euro Area
Finland
Austria
Australia
Netherlands
France
United States
Canada

Italy

Japan
United Kingdom
Spain
Greece

New Zealand
Singapore
Israel

South Korea
Argentina
Portugal
Czech Republic
Slovakia
Brazil
Estonia
Poland
Hungary
Taiwan

Mexico

2010 and 2013

Il 2010 W 2013

Il
/

~ 64 $/hr 2019)

~ 49 $/hr

~ 43 $/hr

~ 36 $/hr

~ 29 $/hr

raln ~ 32 %/hr

China
Philippines
India

Note: Compensation costs include direct pay, social insurance expenditures, and labor-related
taxes. Data for China and India are not strictly comparable with each other or with data for other
countries. For complete definitions, country information and a description of data limitations
associated with estimates for China and India, see the Technical Notes and Country Notes
supplementing this report.

~<5%/hr

© Y. Bellouard, EPFL.

Source: The Conference Board, International Labor Comparisons program

=
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20

30 40 50 60 70

Labor cost in manufacturing...

Us dollars

2024) / Cours ‘Manufacturing Technologies’ / Micro-301

Source: WTO



Handling difficulties...

Size
Thickness
Weight
Flexibility
Slipperiness
Stickiness

= Necessity of assistance (two
hands, optical magnification, etc.)

size § EE j xgg/sllppermess

sharpness erX|b|I|ty

Idea is to define a basic handling index

(‘cost function’)
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Component Handling Analysis

* Definition

/ H = Ah T
Total cost linked / -

to handling

parts Basic handling

index for an

ideal design

using a given
handling
process

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301

iPOi + iPGi

K

Orientation General handling
Penalty for the property penalty
component
design

37



Basic handling index (A,)

Component handling

characteristic =Sy
One hand only 1
Very small aids / tools 1.5
Large and/or heavy (two 15
hands/tools)
Very large and/or very heavy 3

(two people/hoist)

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301
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Orientation penalties

0.5
Pos
End-to-End orientation
(along axis of insertion)
0 —
NOT REQUIRED DoV TOARE NOT EASY
TO SEE
0.5
Por

Rotational Orientation
(about axis of insertion)

NOT REQURED EASY TO SEE NOT EASY
TO SEE




Handling Sensitivity Index (P)

Component handling sensitivity Index (Pg)

Fragile 0.4
Flexible 0.6
Adherent 0.5

Tangle/severely tangle 0.8/1.5
Severely nest 0.7
Sharp / abrasive 0.3
Hot/Contaminated 0.5
Thin (gripping problem) 0.2

None of the above 0

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301



Component ‘Fitting’ analysis

* Definition

F=A. +_Zn:Pfi +Zn:Pai_
/ | i=l i=1 _

Basic fitting index for
an ideal design
using a given
assembly process Insertion penalty

Penalty for additional
processes on parts in place



Basic Component Fitting index (Ar)

Assembly process Index (Af)

Insertion only 1
Snap fit 1.3
Screw fastener 4
Rivet fastener 2.5
Clip fastener (plastic bending) 3

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301



Insertion direction penalty

1.5

1 -

Pﬁ
' ,
Y - jﬂ}m“r’;!ﬁ;‘w’aw!
0 —rﬂ!ﬂ-"’;;:._;
| |
STRAIGHT STRAIGHT ONE TWO OR
LINE FROM LINE NOT ADJUSTIVE MORE
VERTICALLY FROM ABOVE MOTION ADJUSTIVE
ABOVE MOTIONS

(source: Swift, Booker, ‘Manufacturing process selection
handbook’, Butterworth-Heinemann)
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Insertion Collateral

SINGLE

SERIAL SIMULTANEOUS
INSERTION MULTIPLE MULTIPLE
INSERTION INSERTION
Component Stability
1
P _
fs —
h - . o Part is unstable after
Insertion or during
— subseguent assembly
Y operations - part will
ClE reed holding prior ta
___________ being secured)
¢ 1
STABLE NEUTRAL UNSTABLE

Insertion collateral
and stability

(source: Swift, Booker, ‘Manufacturing
process selection handbook’,
Butterworth-Heinemann)
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Insertion penalties

INCREASING

UNRESTRICTED P

HIGHLY
RESTRICTED

(source: Swift, Booker, ‘Manufacturing process selection handbook’,

Butterworth-Heinemann)
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insertion Alignment

2.5 2 1.5 1 0.5
INCREASING ACCURACY OF ALIGNMENT (mm HIGHLY
EASY TO ALIGN (mm} DIFFICULT
Insertion Resistance
0.6
Prs
0
0 5 10 15 20
NO RESISTANCE RESISTANCE TO INSERTION (N) HIGH
RESISTANCE

Insertion
penalties

(source: Swift, Booker,
‘Manufacturing process
selection handbook’,
Butterworth-Heinemann)
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Additional Assembly Index (Pa)

Additional Assembly process Index (Pa)

Soldering/brazing/gas welding 6
Adhesive bonding/spot welding 5
Reorientation 1.5
Liquid/gas fill or empty 5
Set/test/measure/other... 1.5-7.5

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301



Exercise: staple remover

1 — Graph of the assembly
2 — Assembly cost estimate?

Plastic Pad 1

Alignment Pegs
Plastic Pad 2

4
Rivet 2

(source: Swift, Booker, ‘Manufacturing
process selection handbook’, BH)

Claw 1

' Claw 2

48



Methodology

|dentify the individual parts
|dentify how parts are linked together and sub-assemblies chains

Make a graph of the assembly
|dentify handling and fitting operations for each components

Calculate the assembly cost

ok~ owbdh-~

49



A link means a

physical action
Implying cost Graph of an assembly cost
M, =
Sub-assembly Cma =
Cma=
Component
M =
Cm = Component
M, =
Sub-assembly Cma=
C..= \
PRODUCT/ID Sub-assembly Component Assem bly cost
M, = C..= Component M =
2C,. = M, = Cu= |
TOTAL COST Cra=
Component Component
M‘ = M, =
C = cma= ,
me Manufacturing cost for a
component
Component
M, = : : .
- Swift. Book Goal: Overview of how objects are interconnected
(source: Swift, Booker) C,.=

50



lllustration of a cost table for manual assembly

. L Additional
Basic handling index Basic fitting index
g g assembly
Assembly cost analysis table Stapler remover process
Labor rate [ 0020 |cHFss 71.2 CHF/h
Components assembly details Ha7/dling operation analysis (H) / Fitting operation analysis (F) / - Cost
Sub- Part description/ Assembly (in
Part | ssembly | sub-assembly |  ASSEMO | A /401 Po2|sPo| Pg [ | Af | PM1 PR2 PI3 PM PI5 Pfé tal | Total CHF)
ref. rof desc. process Handing (F+H)
1 Rivet 1 Hand./Fit. 25 41 | fr. 0.08
2 Plastic pad 1 Hand./Fit. ( 1 22 |fr. 0.04
3 Claw 1 Hand./Fit. ( 1 21 | fr. 0.04
4 Rive6 2 Hand./Fit. ( 2.5 41 | fr. 0.08
5 Plastic pad 2 Hand./Fit. ( 1 2.2 fr. 0.04
6 Claw 2 Hand./Fit. ( 1 23 |fr. 0.05
A #1+#2+#1 Hand./Fit. ( 1 22 |fr. 0.04
B HA+H5+HB Hand./Fit. ( 1 37 |fr. 0.07
7 Spring Hand./Fit. ( 1 26 |fr. 0.05
8 Pivot pin Hand./Fit. ' 1 5.1 fr. 0.10
\ J1 T \ ]
| [ ! Total cost
Individual components Handling operation Fitting operations /
descriptions
Assembly cost
. | C.. =C, (F+H)
Orientation penalties Handling sensitivity

index Insertion
penalties



Simplified, better design(s)?

(Design for assembly/manufacturing analysis)

Rivet

Plastic Pad 1C

Claw 1
__ Spring

Plastic Pad 2 @&

Rivet 2
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From manual to automated assembly...

» Choice is driven by multiple considerations:

Production volume

Investment costs in automation

Necessity (tolerances requirements, sizes, etc.)
Labor costs

Production flexibility

53



A typical product assembly lines

Robots

Remote center compliance

‘ Linear transfer line
Circular

transfer line

Torgque sensor

Visual sensing

Programmable
part feeder

(Illustration Kalpakjian, Schmid) £4



Transfer systems for automated assembly: Bowl
feeder

Parts feeder

Stationary
workhead

Completed
assembly

Work carriers
indexed

(Source: Wikipedia / public domain)

(Illustration Kalpakjian, Schmid)

Working principle: use vibrations and/or rotary motions to move unsorted path along
a path where self-orientation sorting takes place.

55
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Bowl feeder: traps

Narrowed track Bowl wall Bowl wall

V cutout

\ Part rejected if

Widthwise parts rejected

Ve while only one row of Ve resting on its top
To delivery lengthwise parts pass To delivery
chute chute
Slotted Bowl Pressure Wiper
track wall  break blade

Screws rejected
unless lying on side

Bowl wall

Scallop Wiper blade

\ Cutout rejects

Toddlivary Screws rejected unless ;
bt V' Slot in track in single file, end-to-end, To delivery cup-shaped parts
to orient screws or if delivery chute is full chute standing on their tops
© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301 (I”UStI"GtiOn Kalpakjian, SChmId) 56



Bowl feeder: Additional videos

* [llustrative videos:
 Research work on bowl feeder: https://youtu.be/BaQbX6-35H0

« Other concepts (Asyril CH): 'shaker’+vision+pick-and-place
 https://youtu.be/5SGQSvhsgDCE

57


https://youtu.be/BaQbX6-35Ho
https://youtu.be/5GQSvhsgDCE

Joining materials

(Discussion in class)

* What does ‘joining two parts’ means? (in quantifiable
terms)

 How to measure the strength of a joint?
* What are possible weaknesses of a joint?

58



Specifications / Requirements

* Durability

- Thermal cycling [‘change of temperatures’ / ex. day/night, sunlight exposure, shadow,
autoclave in medical environment, etc.]

* Mechanical cycling [ex. connectors, cables, etc.]

* Environmental
« Corrosion
* Moisture (ex. humidity)
 Light (ex. polymers)

59



Attaching two parts together...

* ‘Interfacing materials through melting’ Welding,
brazing, soldering, etc.

* Gluing

* ‘Link through material contacting’:

* Permanents, semi-permanents: rivets, force fit, optical
contacting, etc.

« Temporary: screws, clips, etc.

60



Welding

* Interface of the two parts to be welded are molten.

Homogeneous:
Two identical material, with
or without added material

Heterogeneous:
Two identical material with
a second material added

Heterogeneous: Three
different materials

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301
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Soldering

« Examples of alloys used as solder materials (see follow-up lecture from V.
Subramanian)

Solder Typical application

Tin-lead General purpose

Tin-zinc Aluminum

Lead-silver Strength at higher than room temperature

Cadmium-silver  Strength at high temperatures
Zinc-aluminum  Aluminum; corrosion resistance
Tin-silver-copper Electronics

Tin-bismuth Electronics

Source: Manufacturing Processes for Engineering Materials, Sixth Edition
Serope Kalpakjian | Steven Schmid
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Welding

Flux
covering

Consumable
electrode

Evolved

gas shield Core wire

I I I
Weld Weld Parent
metal pool metal

Metal arc welding

Hinge Power
mechanism l
I N
Hot bar —»

+ + I 1_F’olymer

sheets

Bed —»

Hot bar polymer welding

(lllustrations: M. Ashby)

Arc welding

Electron beam welding
 https://youtu.be/zX9tvdTEAEO

Friction welding
* https://youtu.be/dL9KTvVAEQ8
* https://youtu.be/8xXybQ aCUM

Seam welding (electrical
current)

Laser welding

63


https://youtu.be/zX9tvdTEAEo
https://youtu.be/dL9KTvVAEg8
https://youtu.be/8xXybQ_aCUM

Thermal field for a moving heat source

(Thin plate approximation, d << @)

Heat rate (J/s) Lateral
distance from
T the heat
2 J source

1 1)
r=he J4zkpC, (quj(\/?je N bifusivty
~

Plate thickness (m)

Material constants Scanning speed (m/s)
(k: conductivity,
p: density, Cp: heat capacity) 7 _71 . ( 2 j 1 ( q j(lj
Max 0
me )\ 2pC, \vd )\ r

64
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Thermal field for a moving heat source

(Thick plate approximation, d >> ®@)

"" Lateral
Heat rate (J/s) distance from
/ the heat
source

- (2
am

Material constants Scanning speed (m/s)

(k: conductivity)
TMax = ]’(’) + 2 o
e )\ pCr= )\ v

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301
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Why cooling rate matters?

‘TTT’ curve for 900+
Carbon Q
Steel 800 | B ol IR S a _+_I =
AISI 1050 ~— . " ) T N
700 A, ;
r,

G 600k a + pearlite 193
Eg &’ Y + a + peaglite "
% 200 Air cool 130 E’
E_ 400 Bainite 139 E
g : Austempering >
= 300 M Y + martensite 149 =
2
200 |- , 4 &
Martensite §

100 Water — 62

Quench
0 | | | | I |
0.1 | 10 102 103 104 104 108
Time (s) Cooling rate determines

the microstructure...

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301



Brazing

* Unlike a welding, the part to be assembled are not
melted

* Preserve the material part
- Diffusion process
+ Soldering is a lower-temperature version of brazing.

67



First brazing...

Hot worked

« Gold dog, Suse,
Iran

(-3100/-3300 BC)

Brazing (Cu/Au)

Molded

(Photo: Musée du Louvre)

DUVAL Alain-René, ELUERE Christiane, HURTEL Loic, TALLON
Francoise, "La Pendeloque au chien de Suse. Etude en laboratoire
d'une brasure antique", in Revue du Louvre, 1987, n 3, pp. 176-179.
© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301 68




Other attachment methods lgluing)

Dispenser —»

Traverse

—>

Glue line

l

* Force fit (‘(Chassage’)
* https://youtu.be/h-W9nkuxwgc
* Gluing

* https://youtu.be/QEIQZ36V7Fg?list=PLi  screw Snap fits
Ji6VHJLILYQWBRag-PPt10r52slzpNv

A
- Mechanical fasteners =
(Rivet, staple, etc.)

Rivit

Staple

g

strations: M. Ashby)
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https://youtu.be/h-W9nkuxwgc
https://youtu.be/QElQZ36V7Fg?list=PLiJi6vHjLlLYQWBRaq-PPt1Or52slzpNv
https://youtu.be/QElQZ36V7Fg?list=PLiJi6vHjLlLYQWBRaq-PPt1Or52slzpNv

Classical mechanical assembly

 Nuts & Bolts A ‘T -

« Screws

« Force-fit \ N
Rlvets | 7
{9 3
§ % % 4
T
| /T\ ©
x\\‘\\ \\ 3 N RN
% % e TT
| T
) %
B A 17
7 | Z /é%%/ N




Less known...

- Optical contacting (Swiss
Optics)
 https://youtu.be/xZTdurPInhXE
* Glue-less methods
* No interfacial material

* Requires extremely low
roughness (Ra ~ nm range)
and flathess => Makes use of
adhesion forces

(source: ‘Wizard of Vaz’ /
https://youtu.be/se3K_MWRA488 )
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https://youtu.be/xZTdurPlhXE
https://youtu.be/se3K_MWR488

Non-linear laser welding (transparent materials)

(a)

Place one sample
on another and
press together

b
Focus femtos(;egond
laser pulses at the
interface and
translate the
samples

xy-plane xz-plane
P P
‘ .' borosilicate
glass
fused silica

)

P P : Pressure
femtosecond laser pulses

=

=)

Translation

100 wm =

W. Watanabe, et al., "Space-selective laser joining of dissimilar transparent materials

using femtosecond laser pulses," Applied Physics Letters 89, 021106 (2006).
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Non-linear laser welding (transparent materials)

(c) joint volume
Join the }
samples
|
100 um

= joint volume

interface
X [——=

y?—>
100 um
z

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301
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Key things to remember

-

Basic concept of DFM/A — Design For Manufacturing / Design For
Assembly

Generic construction principles for minimizing assembly errors
How to evaluate the cost of an assembly task
Overview of attachment/joining methods
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Extra slides about mobility analysis
(the dual problem of assembly)
For exploring the topic deeper
(not considered in the exam)

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301



Notion of assembly from the point of view of cancelling

mobilities

- Holding parts together

- Aligning and positioning of
elements one with respect to the
other

- Cancelling/controlling degrees
of freedoms

- Maintaining a position after
assembly

Mechanism theory,
mobility and
hyperstaticity
analysis
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Some tools for analyzing a mechanism and an assembly

* Theory of mechanisms
* Mobility and constraints
* Duality assembly / mechanism

77



Spatial vector

(1, | e e
R |M"=M"+Rx0OB

L

)
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Spatial vector: velocity

(also called “Twist”) / Torseur

cinématique

)|y

- ) 0c(A)
R_VP=V0+Q)><OPR O F

“Velocity of point P with respect to coordinate frame R”

Notes: , )
o, VI
SVAN m | are called the Plucker
o (V )R =19, Vi [ coordinates
o, V,’
x IR
Q)
~A\O' ® Q)
o (V)R:{VO} N VO—V°+m><00} :{VO}
R 0 R x

For any point O’ on the axis A
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Spatial vector: force
(also called “Wrench” / torseur de force)

. F F
(F ) RV ARV L 0
R |M R M =M"+FxOP R

“Force applied by body n on body m”

Notes:
P (ﬁ‘)M —JF MM\ are the Plucker coordinates
R y y
F M
. J R

(F )O}R{ ;L_{MF:ML it 0,0e(A)




lllustration in microrobotics: Micro-robot platform
with SMA gripper

Three degree of motion
Shape Memory Alloys gripper

. .éf Pre-loading
M spring

AccV
10.0 kY EPFLIISHAGA-1OA 7 Inch)

Goal of mobility analysis here is to be able to predict how the motion of the grippers can be correlated to
the motion of the actuators that make the parallel robot moving. A second goal is to determine internal
mobility that may exist in the system.
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Graph theory: principle

« Goal: Mobility analysis
* Graphical representation of a mechanism
* Does not contain geometrical information!
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Graph theory: Method

* One node => one body
° One joint between two bodies => one line
connecting two nodes

1 (G %

(C,,) indicates the joint class
(n <=> number of degree-of-freedom)
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C,/ C, — Degree(s) of Freedom (trivial cases)

* Any unconstrained body has six degree-of-freedom. (Cy)

Lo

. M
(FB2—>B1 )R =9

' o o

n M
(FB2—>B1 )R =

o o o

rFX MI;/I 3
M
Fy My

4

F, M

' o o

<

<

<
Nz z

;

IR

* Any fully constrained body has zero degree-of-freedom. (C,)

o o o
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C;— 5 Degrees of freedom joint

e,

zn
'
'
O
'
'
1}
L}
'
i y
T 2
- ~0
_-
- e e ——e
- - I ———
/,/’ - | T e
- -~ ——
”I - ] ‘\ S—— ~—
e - I \ S -
- - | A\ ~— ~
s — -
[
<
~
e ’
~
~
~
~
X >~
~ #
.‘\\‘\ //
~ <

———————

(B,)

—
>
<
N—
I
o O

\A711>42)=460 AVAREN

s
o o o
—




C,— 4 degrees of freedom joint

(B.)
0 0 ((DX Viw\
(Fll\iz)zi 0 Ml;/[> ({7342):< 0 V;w>
E, 0 IR o, 0 &



C,— 4 degrees of freedom joint

ezT
&>
R Oey (Bz)
e,
(B.)
0 0 o, V'
(f2,)={F, of (Vis)=qo, 0
0
\FZ OJR \(DZ JQ{

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301



C,;— 3 degrees of freedom joint
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C,; — 3 degrees of freedom

1<-2

FX
R ..... O ..... e y (B,) (ﬁ‘M ):<Fy
FZ

(V%):<® 0;

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301



C,— 2 degrees of freedom joints

e,
(0 0
' (ﬁ11\i2):< Fy Ml;/[ >
o, V'
(\71%):< 0 0 ¢
0 O
R,

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301
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C, — 1 degree of freedom

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301
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C, — 1 degree of freedom

oo o, W
(ﬁll\iz)_<Fy Ml;/[> (\7117;)=< 0 0 ;
F Mg 0 0,

+ one relation: V." =io,

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301 92



C, — 1 degree of freedom

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301
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Graph with close loops

From the Graph Theory:

Let N, the number of links and N the number
of nodes

The number of independent loop n writes:
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Graph with close loops: illustration

Gripper mechanism

(C.) (C)
3 / \ 6
(C,)

©) C/
10 24 4
(C,)
( 1\/
‘Functional diagram’

Graph of the mechanism

n =10 (links) - 8 (bodies) + 1 = 3 independent loops

lllustration: Makeblock (r)

lllustration: M. Bélanger-Barrette
(https://blog.robotig.com)
lllustrative video to watch:
https://youtu.be/DWA4ttbLh kA

Quiz: Can you spot
the difference
between the two?
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Graph: analysis (l)

1 n = N -Ng+1 independent loops

@

n kinematics relations

@

3 E, = 6.n independent kinematics scalar
equations (in the space) / (3.n in the plane)
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Example
T 7 2 n=6-5+1=2
0 /—/\ 5
\ 3
4o
For a loop (Chasles theorem): :

~\M ~\M ~\M R A
(V)O/O = (V)O/l T (V)1/4 +(V)xo =0

N

M M M M R R
(V)O/O — (V)O/l +(V)1/2 +(V)2/3 +(V)13v/14 + (V)xo =0

We could also choose the path1-2-3-4 -1

12 kinematics
relations

» 6 equations
» 6 equations
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Mobility analysis: Kinematics approach (1t method)

" U, =E,, Fully determined, as many unkown than equations, m =0

= U, > E,, Several possible solutions, m>0/ m=U, — E,

"= U, <E, => 7, More equations than unknown, over-constraint, m
<0
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Kinematics / Kinetics unknown

5
 Number of kinematics unknown Uk — E kiCi
1=1

« Number of kinetics unknown

5
U, +U, =6-N, =>U,=6-N, - > kC,
2.
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Mobility point of view: Kinematics point of view

N

@

00

d..

1)

Rank [E, ]

_

J

/Ukl\

U

N

m = U, —rank[E, ]

(0)
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Assembly point of view: Kinetics equivalent (dual of mobility)

dim=U;
((’aoo |
Rank [Ey]
. aij
O 0 0 0 O

L0 0 0 0 0,

h=E, —rank[E, |
h is called the degree of hyperstaticity

/Uf | /Fext \
\Ufn/ \Fextn)
m-h=U, —-E.
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2"d method: Chebyshev-Gribler-Kutzbach
(CGK) Equation

M = ch ~6-(N, =N, +1)

Graph

* Previous method is cumbersome
* Provide a faster way to calculate the mechanism mobility
* But...
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Example: Four bars mechanism ()
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Example: Four bars mechanism (ll)

(A,) ‘\"-

CGK equation give the wrong result !

=2 ‘ m = 1

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301 104

Why?




Example: Four bars mechanism (llI)

(A)

. Internal mobility

Note: this mechanism is redundant (a bar could be removed).
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Example: Four bars mechanism (llI)

Example of three-dimensional mechanism with four bars, and yet with
one degree of freedom. (Bennett mechanism.) The axis orientations of
the joints form two pairs oriented +/- 45 deg, one from another.

Chen and You, Proc. IMechE Vol. 220 Part G: J. Aerospace Engineering.

© Y. Bellouard, EPFL. (2024) / Cours ‘Manufacturing Technologies’ / Micro-301

106



Important to remember!

 CGK formula is simple and useful but does not consider
any geometrical singularities or specificities!

* For in plane motion => consider 3 dimensions instead of 6 in
the formula to obtain a correct result

- Degree of hyperstatism can be directly linked to the degree
of mobility
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